Introduction
The goal of infrared (IR) scene projection is to provide realistic testing and evaluation of ihfrared-imaging sensors in a controlled laboratory environment. For a valid test, a dynamic spatial and temporal scene that accurately represents real-world targets over a specified wavelength band must be generated. Requirements for scene projection are determined by the sensor under test and can be broken down into several criteria: spatial resolution, dynamic range, contrast ratio, spectral distribution of in-band flux, frame rate, and spatial uniformity. ' The ultimate objective for IR scene projection is hardware-in-the-loop (HWIL) testing of thermal-imaging systems. In HWIL testing, an imaging IR seeker would be mounted on a computer-controlled gimbal and an IR scene generator/projector would present a realistic scene to the seeker, just as would appear in actual use.4'5 The main difficulty in IR scene projection lies in producing complex scenes of sufficient quality and complexity to characterize today' 5 high-performance IR systems.
The Texas Instruments digital micromirror device6'°( TI DMD) has the potential to satisfy current requirements for IR scene projection when used as a spatial light modulator (SLM) for IR radiation from a thermal or laser source. The TI DMD consists of a matrix of discrete reflective elements that can independently tilt in response to an input video signal. A sketch of a portion of the DMD is shown in Fig. 1 . Although the DMD can be operated in a bistable mode where the mirror pixels tilt at angles of + 10 and -10 deg, in this paper, we describe the device as having an off state represented by an untilted pixel and an on state represented by a 10 deg pixel tilt. This particular mode of operation can be achieved by Abstract. An analytical model for crosstalk is developed for an infrared scene projector that utilizes a deformable-mirror device as an infrared spatial light modulator. Partial-coherence effects that result from the physical layout of the projection system are included. Crosstalk is determined by defining a crosstalk ratio in the projected image. Crosstalkratio calculations are carried out for monochromatic and blackbody projection sources over the 3-to 5-rim wavelength band. The results predict crosstalk ratios of 260:1 , 1200:1 , and 2400:1 for deformable-mirror pixels of 50, 100, and 1 50 i.m when a blackbody source is used in the projection system. Crosstalk performance is improved at shorter wavelengths and for larger deformable-mirror pixels. The results of a proof-of-principle experiment are included to verify the feasibility of a deformable-mirror device in the projection system. increasing the magnitude of the address voltage of the device. 9 The mirror elements are coated with aluminum as the reflective surface, making the device truly broadband. In addition, the DMD can achieve high frame rates of the order of 10 kHz. In this paper, we present the optical design of an IR scene projector based on the DMD and include the results of a proof-of-principle experiment to verify the validity of the design. A crosstalk model is developed for the system incorporating a DMD with square pixels that tilt along a 45 deg torsion axis. Partial coherence effects are considered in the model.
It is shown that the system behaves coherently under quasimonochromatic conditions. Also, in the case of blackbody illumination, the spectral characteristics of the source may be approximated as a summation of narrow-band quasimonochromatic sources. Each of these sources produces an independent image-irradiance function in the image plane. The summation of image-irradiance functions gives the total image irradiance, and a crosstalk ratio is determined based on the projected image. Under blackbody illumination, the model predicts crosstalk ratios of 260:1, 1200:1, and 2400:1 for DMD pixel sizes of 50, 100, and 150 m.
2 Optical Layout Figure 2 is a layout of the projection system incorporating a blackbody source. Two optical subsystems comprise the complete system: an illumination system and an imaging system. If a laser source is used, the layout is the same except a collimated laser beam replaces the blackbody and collimator. The imaging system is a two-lens relay system that images the DMD plane onto the focal plane of the sensor under test. Relay lens 2 is the lens system of the sensor under test. Together, the two relay lenses produce an overall magnification of m = -f2/f1, wheref1 andf2 are the focal lengths of relay lenses 1 and 2. The lens spacing is such that the source is imaged at the entrance pupil of relay lens 2. This configuration produces a uniform flux distribution across the image plane and minimizes vignetting effects. However, it would be possible to increase the lens spacing and separate the aperture stop from relay lens 2 if necessary. In the case of a coherent source, such as a laser, a Fourier transform plane would exist at the rear focal plane of relay lens 1 and an aperture stop located at this plane would ensure shiftinvariant imaging in terms of field amplitude. Figure 3 is a geometrical model of the projection system operation. The illumination system consists of a thermal source and a collimator. Collimated rays are directed at the DMD at an angle of 20 deg. Rays reflected from the DMD pixels in an untilted off state are directed at an angle of 20 deg from the optical axis. For pixels tilted at an angle of 10 deg, the rays are directed along the optical axis and the pixels are imaged at the sensor focal plane. The arrangement shown is referred to as dark-field illumination because the DMD pixels appear black until tilted to a state that redirects the input radiation along the optical axis of the imaging system. By applying a pulse-width modulation scheme during the integration period of the sensor, gray-level operation can be achieved. As a verification of operation for the given projector design, a proof-of-principle experiment was performed. The DMD used was a 1000 X 1000 array with 17-pm-square pixels and 45 deg torsion hinges. A filtered tungsten-halogen source with a passband of 0.830 to 1.0 xm was used as the thermal source. A silicon CCD camera was used as a nearinfrared imager. For 3-to 5-or 8-to 12-rim operation, a device with larger pixels would be necessary. Figure 4 shows the sensor output for a magnified portion of the DMD array for a binary input signal. This figure demonstrates that highcontrast image projection is possible using the DMD as a SLM in an IR scene projector. Note that the DMD used was a demonstration device and did possess pixels that were stuck in either the + 10-or -lO-deg positions.
Partial Coherence Effects
The image-forming process for JR imaging sensors is typically an incoherent process because thermal sources produce essentially incoherent radiation. In many optical systems, such as projection systems with both an illumination system and an imaging system, coherence effects become important." This is the result of the Van Cittert-Zernike theorem, which states that for an extended quasimonochromatic 
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"Off" pixe1'"- subtense of the source. In a projection system, the source will produce a finite-coherence area at the object plane. If the resolution spot of the imaging system (imaged at the object plane) is smaller than the coherence area of the source at the object plane, the imaging will be approximately coherent. For a resolution-spot size much greater than the coherence area, the imaging will be incoherent. If neither condition is satisfied, the imaging will be partially coherent.
In this section, we determine which imaging regime (coherent, incoherent, or partially coherent) describes the IR scene projector. This analysis is based on a quasimonochromatic source assumption. For the actual projection system, the source is a blackbody and polychromatic source effects are included. Based on these results, we develop an imaging model for the projector.
Starting with a quasimonochromatic source, we determine the mutual-intensity function (MIF) at the object plane. The MIF can then be used to obtain the coherence area. Comparing the coherence area with the diffraction-limited resolution-spot size ofthe imaging system gives the condition for approximately coherent imaging as (1), the imaging system will be partially coherent. By using Eq. (1) as a design constraint, we can force the system to behave coherently. A coherent system ensures linear imaging in terms of field amplitude and enables standard Fourier optics analysis for modeling. For a partially coherent system, imaging characteristics are nonlinear and object dependent.
A one-dimensional partially coherent model of the projector system was developed to verify coherent imaging under the condition given by Eq. (1). To simplify the analysis, the DMD was replaced by a transparent 5O-pm slit representing a single DMD pixel. The illumination system was such that the slit was transilluminated along the optical axis. The distance z was chosen to be 300 mm for this analysis and the design values from the previous paragraph were also used. A four-dimensional linear-systems approach incorporating the transmission cross-coefficient was used to characterize the system.12 The ringing effects in the resultant imageirradiance function shown in Fig. 5 illustrate the coherent effects in the projected image and support the coherentanalysis approach. The actual source in the projection system is a blackbody, filtered over a spectral band that is much larger than that assumed in the quasimonochromatic analysis. Polychromatic source effects are incorporated to predict actual performance.
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In Sec. 6 we derive an approximation of the mutualcoherence function for a polychromatic source based on a summation of narrow-band quasimonochromatic mutualcoherence functions. In imaging applications, each separate mutual-coherence function produces an independent image. The polychromatic image is then given by the summation of the quasimonochromatic image-irradiance functions. The mutual-coherence functions are evaluated at discrete frequencies centered about narrow bands over the passband of interest. Using this approach in conjunction with the quasimonochromatic coherent analysis allows the image irradiance at the focal plane of the sensor under test to be calculated by determining several coherent-image-irradiance functions at discrete wavelengths and then performing a summation over the passband to determine the total image irradiance. The spectral characteristics of the source and the spectral responsivity of the focal plane array must also be included to characterize the performance of the JR projection system.
Coherent Model
The ultimate performance limitation ofthe JR scene projector will be crosstalk in the final image. The crosstalk results from diffraction and will cause off pixels to have some nonzero flux associated with them. An aperture stop in the projection optics eliminates unwanted diffraction orders and its size determines crosstalk performance for a given wavelength.
The following analysis provides a theoretical prediction of crosstalk defined in terms of a crosstalk ratio in the final projected image. Standard Fourier optics techniques13 are used for the case of coherent illumination. Based on the results of the coherent model, polychromatic illumination is assumed for an optimized optical layout and a polychromatic crosstalk ratio is then calculated. Jn the coherent model, the imaging system is treated as a linear system in terms of electric-field amplitude and can be written in the spatial frequency domain as , (2) where U(,i1) and U0(q) are the spectrums of the image and object fields, and H(,i) is the coherent optical-transfer function. For a coherent system, the optical-transfer function with all mirrors untilted. (6) where d is the center-to-center pixel spacing, W is the on mirror width, W' is the off mirror width, and D is the total DMD width. The two assumptions made in deriving this expression are that (1) the hinge structure of the pixels is ignored and (2) the tilted pixel shape remains square but reduced in size. A tilted pixel is represented by a skewed rect function and cannot be expressed in a form that is separable in x and y. Substituting a square pixel shape with an area equal to the projected area of the tilted pixel allows the object field to be written in a separable form and simplifies calculation of the image field. The area of the square pixel shape is = W'2 cos(a) , (7) where w'2 is the area of the untilted DMD pixel.
The object-field amplitude is related to the source field (4) and the reflectance function by u,(x,y)=u(x,y)r(x,y) .
Substituting Eqs. (4) and (6) is simply the scaled exit pupil of the optical system. The object field is given in terms of both the input source field and the reflectance function of the DMD. We have chosen to define a crosstalk ratio in terms of a specific DMD input where only the center pixel is tilted. This configuration allows us to calculate on-axis crosstalk resulting from a single on pixel. The image-plane crosstalk ratio is found by computing the amount of flux in the geometrical image of the on pixel and the amount of stray flux in the geometrical image of an adjacent off pixel. The crosstalk ratio is defined as the ratio of these two flux values and is given by
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off pixel region where C is the defined crosstalk ratio and I(x,y) is the imageirradiance function. This definition of crosstalk ratio is different from the usual low-spatial-frequency definition of contrast ratio in terms of all-dark or all-bright fields. The use of crosstalk ratio yields the pixel-to-pixel crosstalk level that the projector is capable of, for a given set of optical parameters, assuming a particular pixel-array geometry in the sensor under test. The reflectance function of the DMD can be written by considering a small portion of the array, as in Fig. 7 . For the case of having only the center pixel tilted, the reflectance function can be written as the sum of three terms:
r(x,y) =all mirrors off + center mirror on -center mirror off . The object field, scaled to reflect the overall magnification of the optical system, is given by
m mm, where m = -f2/f1 for the two-lens relay system. Substituting Eq. (9) into Eq. (10) and Fourier transforming yields the object field spectrum 
L mX\/ Equation (1 1) consists of three terms corresponding to the terms in Eq. (5). The first term produces the overall diffraction pattern of the DMD. It consists of a two-dimensional array of diffraction orders with the zeroth order located off axis. The magnitude of the diffraction orders are weighted by a two-dimensional sinc function corresponding to an untilted pixel. The second term is an on-axis diffraction pattern that results from the single tilted pixel. The last term is the subtracted diffraction pattern of the single untilted pixel.
The coherent optical-transfer function is given by the exit pupil of the imaging system, scaled by the appropriate parameters, as :' O2+12)½<-
Multiplying Eqs. (1 1) and (12) we obtain the image-field spectrum. A subsequent magnitude-squared inverse transform yields the image-inadiance function. To simplify calculation of the inverse transform, only the x axis slice of the two-dimensional image is calculated. The x axis image slice is then used to determine crosstalk ratio along the x direction. The appropriate Fourier-transform pair for this computation is given by It is not evident from this plot, but the orders along x = 12. 1 mm and y = 12. 1 mm have a much larger magnitude than the other diffraction orders shown. The two-dimensional sinc function centered about the origin is the second term in Eq. (1 1). The subtracted sinc function is shown centered about the zeroth diffraction order. The circular cutoff frequency ofthe coherenttransferfunction for a 15-mm aperture stop is overlayed on the plot. The best crosstalk ratio per- (12) formance will occur when the transfer function passes as much of the spectrum of the single on pixel while blocking out the strong diffraction orders caused by the periodic DMD array. An upper limit on aperture stop diameter is determined by the location of the large-magnitude diffraction orders in the object spectrum. Using Eqs. (1 1) and (12) For an aperture stop diameter less than that given in Eq. (15), the zeroth diffraction order and the other large-magnitude diffraction orders will be blocked.
For the case of a 15-mm aperture, the spectrum of the image-field profile along the x axis was calculated according to Eq. (13) and is shown in Fig. 9 . Taking the magnitude squared of the inverse Fourier transform of Fig. 9 gives the image-irradiance function along the x axis in Fig. 10 . In this case, the DMD pixel size was 50 pm, and the total flux was calculated over the on pixel width and over an adjacent off pixel width. An area fill factor of 95% was assumed for the DMD pixels. The crosstalk ratio given by the ratio of the two flux values was 170: 1 for this particular case. A plot of crosstalk ratio versus aperture stop size is shown in Fig. 1 magnitude diffraction orders in the object field spectrum.
Also present in the crosstalk ratio plots is a periodic trend in the crosstalk ratio as the aperture stop is increased. This is caused by the lobes in the sinc pattern of the on pixel. Depending on where the transfer function cuts through the lobes, the crosstalk performance is improved or degraded. Based on the analysis in Sec. 7, a blackbody source used in the projection system can be modeled by a coherent approach. The image irradiance is calculated at many discrete wavelengths within the passband of the source and then summed to give the total irradiance. It is necessary that enough wavelengths are used to ensure validity of the quasimonochromatic conditions over each small wavelength interval. In the polychromatic analysis, we used a blackbody of T= 1900 K, with an exitance given by Planck's equation. A linear spectral responsivity given by along the x axis for a sys- 
Conclusions
A DMD-based JR scene projector is capable of high-contrast projection over the 3-to 5-lim band. The feasibility of using a DMD in the projector design was verified in a proof-ofprinciple experiment. Because of diffraction, the best crosstalk performance occurs at shorter wavelengths and larger DMD pixel sizes. For projection over the 3-to 5-m band, a DMD pixel size of approximately 100 im gave a crosstalk ratio in excess of 1000:1.
The particular projector design presented in this paper was based on the assumption that the optical system of the sensor under test is unobscured, as was the optical system in the proof-of-principle experiment. Some JR sensor systems use a Cassegrain objective, which has a central obscuration. A modified projector design that uses a pupil diameter smaller than the central lobe of the DMD diffraction pattern has been investigated14 for this class of systems.
6 Appendix A: Derivation of Equation (1) The coherence area of the source illumination at the object plane is found by propagating the MIF from the source to the object plane.'2 The illumination system is shown in Fig. 17 with axes labels at the source, lens, and object planes.
In this analysis, the source is assumed to be quasimono- where I is the two-dimensional spatial Fourier transform of the source irradiance function. The source is assumed to subtend a large enough angle at the lens that the source coherence chromatic and spatially incoherent. Small angles are assumed area at the lens is much smaller than the area of the lens.
throughout and a thin-lens approximation is used. Ratherthan Under this condition, J will be nonzero only for small values a coherence-area figure of merit, the coherence parameter is of x and zy, and we can approximate the MIF as given as the maximum separation of two points in the object plane.
Ignoring constant multipliers, the incoherent-source MIF J'(x1 'Yi ; x2,y2) IP(j) 27 ( is given by
where =(x1 +x2)/2 and = (y +y2)/2. Using the Van Cittert-Zemike theorem again to propagate the MIF leaving where I is the source irradiance function; a and 3 are the the lens over a distance z to the object plane gives the objectsource coordinates at points P1 or P2, depending on the sub- by using relations between the defined coherence area and the area of the source.
Returning to Eq. (22), we see that two Fourier transforms are contained in the expression. The transform of the lens aperture is a narrow function in (z y z ) compared to the transform that produces a scaled source irradiance function in (, ). This means that the lens aperture determines the coherence area at the object plane and the source determines the average irradiance distribution over the object plane.
The lens aperture function can be written as 
Using the quasimonochromatic assumption that i >> zv and R, -R2 <<c/v for each of the narrow rect spectral bands, the exponential term exp{ -j2'rr{(v --R2)} in the first integral can be approximated as unity. Evaluating the resulting Fourier transform integral and using the Van CittertZernike theorem to replace the integral over the source area by the MIF gives F(P1 ,P2 ,T) sinc(z VT) J( P1, P2 , i) exp ( -j2'rri5T) where J (P , P2 , V,) is the quasimonochromatic MIF at a frequency of V,. Because the quasimonochromatic assumption also includes L VT << 1, Eq. (33) can be further simplified to F(P1,P2,T)J(P1,P2,) exp(-j2TrT)
In general, the mutual-coherence function under the quasimonochromatic assumption is given as'2 F(P,,P2,T)J(P1,P2) exp where V is the mean frequency of the radiation and J ( P,, P2) is the MIF. Comparing Eqs. (34) and (35), the polychromatic mutual-coherence function can be written as a summation of independent quasimonochromatic mutualcoherence functions over some passband. In partially coherent imaging applications the time dependence T, appearing in Eq. (35), is zero and the MIF is propagated through the system to calculate image properties. For polychromatic imaging, each of the independent MIFs in Eq. (34) produces a separate image-irradiance function. The total irradiance function is then given as a summation of individual irradiance functions as IT(P)(Pfl)J(1°i,P2,l)fp1=p2=p where I is the quasimonochromatic image irradiance, 'T 5 the total irradiance, and P represents the coordinates of the image plane.
